ratio, high stiffness, high damping capacity, good elastic modulus, good castability and unique biodegradability in the physiological environment [1] [2] [3] [4] . However, their applications are limited by the poor high-temperature strength and creep resistance.
INTRODUCTION
Nowadays, with the rapid development of industry, people become more and more interested in environment protection and energy savings. The light-weight materials applied in the automobile and aerospace industry are particularly important. Pure magnesium and magnesium alloys develop fast due to their excellent mechanical and physical properties, such as low density, high strength-to-weight © Science China Press and Springer-Verlag Berlin Heidelberg 2016 SCIENCE CHINA Materials ARTICLES hexagonal crystals. Mg(001) and ZrB 2 (001) surfaces have been widely investigated [14, 15] , and the lattice constant of Mg(001) closely matches that of ZrB 2 (001). Therefore, Mg(001)/ZrB 2 (001) interface was proposed in this paper, and to better understand its interface bonding behavior, the geometric optimization, ideal work of adhesion, interface energy and electronic structure of the interface were obtained by the plane wave pseudopotential method based on the first-principles density functional theory (DFT).
METHODOLOGY
Our calculations were carried out using the DFT with a plane-wave basis set as implemented in the Cambridge Sequential Total Energy Package (CASTEP) computer code [16, 17] . The core electrons were treated with the ultrasoft pseudopotentials [18] . The generalized gradient approximation (GGA) function of Perdew-Burke-Ernzerhof (PBE) [19] was chosen to treat the exchange and correlation effects. In these calculations, the following basis sets were adopted: the 2p 6 3s 2 states of Mg were treate as valence states, while for Zr and B we used 4s 2 4p 6 4d 2 5s 2 , and 2s 2 2p 1 , respectively. The plane wave basis set was truncated at a kinetic energy of 450 eV and the Brillouin zone of each bulk structures was sampled by a k-point mesh with a spacing of 0.03 nm −1 , as generated by the Monkhorst-Pack scheme [20] . The optimization of atomic positions and unit cell was stopped when the change in energy was less than 5×10 −6 eV/atom, the force on each atom was less than 0.01 eV Å −1 , the residual stress on the unit cell was less than 0.02 GPa, and the displacements were less than 5×10 −6 Å.
BULK AND SURFACE CALCULATIONS

Bulk properties
The calculations on bulk properties of Mg and ZrB 2 were firstly carried out by GGA (PBE) and LDA (CAPZ) [18] . Mg has a hexagonal crystal structure of space group P63/ mmc (No. 194 [22, 23] and the experimental results in [24] . For the bulk ZrB 2 , the calculated lattice constants are a=3.168 Å and c=3.536 Å, which are in good agreement with other theoretical results in [25, 26] and the experimental results in [27] . Therefore, the GGA (PBE) method was adopted in our calculations.
Surface properties
To make sure that both sides of the surface slabs of Mg(001) and ZrB 2 (001) are thick enough to show the bulk-like interior, the convergence tests on Mg(001) and ZrB 2 (001) surfaces with different thickness were carried out firstly. A vacuum region at least 15 Å thick was employed in the super cells [28] . The surface energies of Mg(001) and ZrB 2 (001) surfaces were calculated using the method proposed by Boettger [29] . When a Mg(001) surface contains more than nine atomic layers, its surface energy converges to a fixed value 0.47 J m −2 , which is close to the result in [30] . The surface energy of a ZrB 2 (001) surface containing more than six atomic layers converges well to a fixed value 3.88 J m −2 . It is worthwhile to mention that a ZrB 2 (001) slab has Zr-and B-terminated surfaces at the top and the bottom sides, respectively. The surface energy calculated by the method of Boettger is the average value of the two stoichiometric terminated surfaces, namely σ S ZrB2 = ( σ S Zr + σ S B )/2 = 3.88 J m −2 . In order to calculate the surface energies of the B-and Zr-terminated ZrB 2 (001) surfaces, the chemical potentials ) in the surface slab should be considered [31] , and the corresponding process can be found in [15, 32] . The calculated formation heat ΔH f 0 (ZrB 2 ) of bulk ZrB 2 at 0 K in our work is −3.108 eV, which is very close to −3.019 eV in [15] . In B-rich environment, when the Zr-and B-terminations contain more than seven atomic layers, their surface energies respectively converge to the fixed values of 4.66 and 3.12 J m Fig. 1. From Fig. 1 , the B-termination has smaller surface energies than the Zr-terminations in the range of −0.4 to 0 eV, meaning that the B-termination is more stable than the Zr-terminations in B-rich environment. In the range of −1.5 to −0.4 eV, the stabilities of the B-and Zr-terminations increase as the opposite-side. At the same time, it can be found that the average surface energy of the two different nonstoichiometric terminations is (4.66+3.12)/2=3.89 J m −2 , which agrees with the previous average surface energy 3.88 J m −2 calculated by the method of Boettger. Finally, nine atomic layers for Mg(001) surface and seven atomic layers for ZrB 2 (001) surface were reasonably adopted to build the interface models.
INTERFACE
Model geometry
Both the Zr-terminated and B-terminated ZrB 2 (001) surfaces were employed in building the Mg/ZrB 2 interface models, and the possible positions of Mg atoms in Mg(001) surface on ZrB 2 (001) surface were considered in the calculations. When the interfacial Mg atoms directly sit above Zr or B atoms in ZrB 2 slab, it is named as Zr-terminated top-site interface (see The crystal lattice parameters of these interface models are defined as the average of those of Mg(001) and ZrB 2 (001) slabs to minimize the lattice mismatch. The lattice mismatches, 0.85% for Mg(001) slab and 0.83% for ZrB 2 (001) slab, are less than 5%. During the calculations, a vacuum layer of 15 Å thick has been used to avoid interactions in Mg/ZrB 2 interface models. The interface structures were optimized within a fixed cell volume due to that the ideal work of adhesion is not very sensitive to the lattice distortions [33, 34] . All atoms in the interface models are allowed to relax in the three directions, and the relaxed interface structures are shown in Fig. 3 . After optimization, the interfacial atoms of Zr-terminated center-site interface only move along the direction perpendicular to the interface. The interfacial atoms of Zr-terminated top-and bridge-site interfaces glide along the direction perpendicular to the interfaces with parallel movements and form "new" center-site interfaces. The interfacial atoms of B-terminated top2-and center-site interfaces mainly move along the directions perpendicular to the interfaces. The interfacial atoms of B-terminated top1-interface move along not only the direction perpendicular to the interface but also the direction parallel to the interface. As for the B-terminated bridge-site interface, it will change into a "new" center-site interface structure with the perpendicular movements of the interfacial atoms, which is similar to those of the Zr-terminated bridge-and top-site interfaces. As it is well known, the interfacial atoms in an interface mode move along different directions to achieve their more stable positions and the minimum total energy of the interface [35] . It means that the Zr-terminated center-site interface is more stable than the Zr-terminated bridge-and top-site interfaces, whereas the B-terminated top-and center-site interfaces are more stable than the B-terminated bridge-site interface.
Work of adhesion and int erfacial energy
The ideal work of adhesion W ad is defined as the bond energy needed to separate an interface into two free slabs. Although the ideal work of adhesion is lower than the actual mechanical work to separate an interface due to neglect of the interfacial plasticity and diffused degrees of freedom [36] , it is still an important and convenient factor to predict the mechanical properties and the chemical bonding strength of an interface [37, 38] . W ad is calculated by the 
where E Mg/ZrB2 is the total energy of Mg /ZrB 2 supercell in vacuum, E Mg (E ZrB2 ) is the total energy when ZrB 2 (Mg) side in the interface model is replaced by a vacuum, and A is the area of Mg/ZrB 2 interface. The ideal work of adhesion gives the direct information regarding the strength and bonding of the interface.
The Table 2 . It shows that the initial Zr-terminated top-site and bridgesite interfaces will change into a new stacking sequence during the geometric optimization, as is same to the initial Zr-terminated center-site interface. However, compared with the ideal work of adhesion of the fully relaxed original center-site interface which is 2.632 J m [40] . The interface distances d int of the B-terminated center-site and bridge-site interfaces are 1.720 and 1.714 Å, respectively. The bond lengths of B-Mg for the B-terminated center-site interface (2.533 Å) and the "new" center-site interface (2.524 Å) are close to that of B-Zr (2.544 Å) in bulk ZrB 2 . The B-terminated center-cite interface (see Fig. 2f ) shows that the interfacial Mg atomic position in the B-terminated center-site interface is very close to Zr atoms of bulk ZrB 2 , and this correspondingly results in the increased W ad . This phenomenon also occurs in SiC/Ti [41] , W/WC [42] and SiC/TiC [43] interfaces. Overall, after geometry optimization, the Zr-terminated top-, center-and bridge-site interfaces transform into the "new" center-site interfaces which almost have the same properties such as the atomic structure, interface distance d int , bond length d bond and ideal work of adhesion W ad . In a similar way, the B-terminated center-and bridge-site interfaces transform into the "new" center-site interfaces with nearly the same properties. Generally, the smaller the bond length is, the bigger W ad is. From the model geometries above and the ideal work of adhesion, the B-terminated top1-and center-site interfaces and the Zr-terminated center-site interface have relatively stable structures, and therefore these three interfacial structures will be further investigated in the following.
In order to understand the interface effects, W ad of another two interfacial regions, namely region-1 and region-2 shown in Fig. 2 , were calculated and listed in Table 3 . For comparison, W ad of (001) surfaces of the bulk Mg and ZrB 2 were also calculated. From Table 3 , one can see that Mg/ ZrB 2 interface definitely affects the regions near the interface. The B-terminated center-site interface has great influence on region-1 and region-2, since W ad of region-1 in Mg side is 1.422 J m −2 , which is much larger than 1.056 J m −2 of Mg(001), while that in region-2 in ZrB 2 side is 6.930 J m −2 , which is less than 8.072 J m −2 of ZrB 2 (001). Similarly, Mg/ ZrB 2 interfaces regarding to the B-terminated top-site and Zr-terminated center-site also can enhance W ad of region-1 in Mg side but reduce that of region-2 in ZrB 2 side. That is to say, the interfaces can improve the bond strength of region-1 in Mg side while weaken the bond strength of region-2 in ZrB 2 side. However, the weakened bond strength of region-2 in ZrB 2 side is still much higher than that of region-1 in Mg side. This strongly proves that ZrB 2 particulates can be used to prepare Mg matrix composites with enhanced interfaces.
Although the calculations were performed at T = 0 K, it 
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has been confirmed that the calculated results are credible in solids at T > 0 K as detailed in [44] , in which, it was revealed that the trends in interface stability are not significantly affected by temperature [45] . The interface energy γ int is calculated by γ int = (σ Mg + σ ZrB2 ) − W ad [46] , and the larger W ad is, the smaller the inte rface energy is. From the calculated results in Fig. 4 , in B-poor environment, the interface energies are 3.685, 2.652 and −0.372 J m −2 for the B-terminated top1-and center-site interfaces and the Zr-terminated center-site interface, respectively. The Zr-terminated center-site interface has a negative interface energy of −0.732 J m −2 , indicating that it can spontaneously form the most stable interface structure in B-poor environment. In B-rich environment, the interface energies are 0.818, −0.215 and 2.485 J m −2 for the B-terminated top1-and center-site interfaces and the Zr-terminated center-site interface, respectively. The B-terminated center-site interface also has negative interface energy, suggesting that it can spontaneously form the most stable interface structure in B-rich environment. However, the B-terminated top1-site interface is unstable even in very B-rich or B-poor chemical environments. Furthermore, the formation energy
lk for the reaction Mg+2B→MgB 2 is −1.507 eV at 0 K, which is the same to [47] , suggesting that the reaction product MgB 2 can easily form on Mg/ZrB 2 interfaces and play an important role in Mg/ZrB 2 interfacial behavior.
Electronic structure
The interface mechanical strength is closely related to the interfacial atomic bonding. In order to explore the interfacial bonding between Mg and ZrB 2 , the interfacial charge density, charge density difference and layer-projected density of states of the B-terminated center-site and top1-site interfaces and the Zr-terminated center-site interface were calculated and shown in Fig. 5 . One can see that the charges accumulated on the interfaces can form chemical bonds. The B-terminated center-site interface accumulates the largest amount of charges, while the Zr-terminated center-site interface accumulates the smallest ones. For the two B-terminated interfaces, the charge distributions between B and Mg atoms are directional, and simultaneously the B-terminated center-site interface has much stronger directional charge distribution, reflecting the covalent bonding feature. The B-terminated center-site interface has the strongest polar covalent bonds, causing the stronger interaction between Mg and B atoms near interface hence yielding the largest W ad value. 
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In Figs 6a and b, for the B-terminated center-site and top1-interfaces, the lost charges of interfacial Mg atoms transfer to the interfacial region and mix with the charges from interfacial B atoms, presenting the localized features and forming the covalent/ionic bonds at the interfaces. Simultaneously, Mg atoms in the center-site interface lose more charges than those in the top1-site interface, revealing the stronger ionic character. I n addition, from Figs 6a and b, the charge accumulation in the B terminated center-site interface is lower than that in the B-terminated top1-site interface. However, from Figs 6d and e, it is worth noting that six identical B atoms distribute around each Mg atom to form bonds in the center-site interface, whereas four B atoms (one B atom directly sits under a Mg atom and other three identical B atoms distribute around the Mg atom) around each Mg atom form bonds in the top1-site interface. Consequently, the center-site interface actually obtains more charges than the top1-site interface, and the directivity of the distributed charges of the center-site interface is exceedingly distinct, exhibiting the covalent bonds strongly formed between Mg and B atoms. For the Zr-termin ated center-site interface, the charge density difference of each interfacial Mg atom is almost the same as that of each interior Mg atom, implying the feature of metallic bonding as shown in Figs 6c and f. In addition, the charges of interfacial Zr atoms and sub-interfacial B atoms rearrange slightly due to the interfacial influence.
To further study the bonding characteristics of Mg/ ZrB 2 interfaces, the partial density of states (PDOSs) of the B-terminated center-, top1-site and Zr-terminated center-site interfaces are shown in Fig. 7 , respectively. The PDOSs of interfacial Mg atoms of the B-terminated center-site interface and the B-terminated top1-site interface have new states in low energy region. The new state begins from −13.25 eV in the center-site interface, while it begins from −12.76 eV in the top1-site interface. Besides, there are overlaps in B and Mg layers of the interfaces. There exist nine major peaks at −11.556, −10.732, −6.63, −5.88, −5.03, −3.83, −2.98, −2.08 and −1.2 eV for the center-site interface, however, only four major peaks at −10.096, −3.25, −2.12 and −0.67 eV in the top1-site interface. That is to say, the orbital hybridization of interfacial Mg and B atoms in the center-site interface is stronger than that in the top1-site interface, and it is also in accord with the previous analysis of charge density difference. For the B-terminated center-site interface, the DOS is not zero at the Fermi level and the PDOS of interfacial Mg layer slightly depletes, displaying the metallic and ionic features. Overall, the B-terminated interfaces mainly consist of covalent and ionic bonds with a small number of metallic bonds. For the Zr-terminated 
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center-site interface, the PDOS of the interfacial Zr atoms moves to the right due to the influence of the interfacial Mg atoms, and some overlapped peaks of the PDOSs of the interfacial Mg and Zr atoms appear apparently near Fermi level with the charges depleting near Fermi level. Correspondingly, the Zr-terminated center-site interface has strong metallic bonds. These results indicate that the B-terminated center interface has stronger chemical bonds and stronger W ad than other interfaces.
CONCLUSIONS
The geometric optimization, ideal work of adhesion, interface energies and electronic structures of Mg(001)/ ZrB 2 (001) interface were studied by first-principles based on DFT. B-and Zr-terminations of ZrB 2 (001) surfac e with different stacking sequences (top-, center-and bridgesites) were considered. During the geometry optimization, the B-terminated bridge-site interface changes into the original B-terminated center-site interface, and the Zr-terminated top-and bridge-site interfaces transform into the original Zr-terminated center-site interface. The ideal work of adhesion of the B-terminated interfacial structures (four models in our work) are larger than those of the Zr-terminated interfacial structures (three models in our work). 
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The B-terminated center-site interface has the largest ideal work of adhesion, indicating that it is the most stable structure. In B-rich environment, the B-terminated center-site interface has negative interface energy and it can be formed spontaneously, and so can the Zr-terminated center-site interface in B-poor environment. The Mg/ZrB 2 interfaces can significantly enhance the ideal work of adhesion of Mg side and reduce that of ZrB 2 side near the interfaces. The analysis of electronic structure reveals that the bonds of the B-terminated center-site interface are mainly covalent, ionic and weak metallic, and the bonds of the Zr-terminated center-site interface are mainly metallic. In summary, theoretically it is a good choice to use ZrB 2 particulates as an effective nucleant to refine the grain size of Mg alloy during casting process or as reinforcements to prepare the magnesium matrix composites, which has been confirmed by other experimental work.
